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enzyme (Gottlieb and Jackson, 1993). DNA-PK is a nu-
clear serine/threonine kinase that can phosphorylate
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coding joining in a V(D)J recombination assay (Gu et al.,
1997).
The role of Ku and DNA-PK in the V(D)J and DSBR
reactions remains speculative. Based on its intrinsic ac-
tivities, Ku may have a specific role in DNA end-pro-
cessing. On the other hand, Ku may function primarily
by recruiting and activating DNA-PKcs, which then as-
sembles or disassembles other factors involved in the
reaction (Blunt et al., 1995). However, the differential
effects of Ku80 deficiency and the DNA-PKcs mutation
on RS joining suggest the possibility of unique functions
for the two molecules. In this regard, Ku80-deficient
mice have a phenotype that is distinctly different from
that of SCID mice. Both deficiencies lead to severe com-
bined immune deficiency. However, SCID mice are
ªleaky,º with some mature lymphocytes accumulating in
older mice (Carrol et al., 1989), whereas Ku80-deficient
mice (Ku802/2 mice) have thus far been found to be
nonleaky, with B and T cell development arrested at an
early progenitor stage (Nussenzweig et al., 1996; Zhu et
al., 1996). Furthermore, Ku802/2 mice, unlike SCID mice,
are smaller than their wild-type or heterozygous lit-
termates, and their cells show early senescence, sug-
gesting a link between Ku80 and growth control (Nussen-
zweig et al., 1996). The reason for the phenotypic
differences between SCID and Ku80-deficient mice is
unknown. It may be that Ku80 has functions distinct
from its role as a DNA-binding subunit for DNA-PKcs
or that the DNA-PKcs mutation in SCID and V-3 does
not totally inactivate all DNA-PKcs functions (Blunt et
al., 1996; Danska et al., 1996). Studies of an equine SCID
mutation are consistent with the latter possibility (Wiler
Figure 1. Ku70 Protein Deficiency Results in Growth Retardationet al., 1995).
and Destabilization of the Ku80 ProteinTo elucidate further the function of Ku and DNA-PK,
(A) A 4-week-old Ku702/2 (smaller) and its Ku701/2 littermate.we have generated mice homozygous for an inactivating
(B) Growth curves of Ku702/2 mice (open symbols), and Ku701/1 ormutation of the Ku70 gene. We find striking similarities
Ku701/2 littermate controls (filled symbols). Each line tracks theand unexpected differences with respect to the pheno-
growth of an individual mouse.
type of these mice and that of mice defective for the (C) Detection of the Ku70 and Ku80 proteins in cell lysates from
other components of DNA-PK. brain, liver, lung, and kidney of either a Ku701/2 or a Ku702/2 mouse.
Results growth retardation in Ku702/2 mice could be improved
by changing nursery conditions, we set up Ku701/2
Generation of Ku70-Deficient Mice mothers with either only Ku702/2 newborns or lit-
We used gene targeting to generate Ku70-deficient ES termates of the three genotypes. We found no obvious
cells and showed that homozygous replacement of ex- weight difference among the Ku702/2 mice from these
ons 4 and 5 of the Ku70 gene with a neomycin-resistance sets, indicating that the growth retardation was not the
gene disrupted Ku70 expression (Gu et al., 1997). Two result of a feeding competition problem. Ku702/2 mice
independently targeted ES clones were used togenerate maintained their body weights at 50%±60% that of lit-
chimeric mice, which transmitted the mutation effi- termate controls at all examined ages (Figure 1B). The
ciently into the mouse germline. Mice heterozygous for weights of kidney, lung, brain and heart of Ku702/2,
the Ku70 mutation (Ku701/2)were indistinguishable from Ku701/2, and Ku701/1 mice were roughly in proportion
wild type (Ku701/1) mice in all examined aspects. The to total body weight (data not shown). Thus, Ku702/2
Ku701/2 mice were interbred and found to produce ho- mice exhibited a pronounced growth retardation similar
mozygous Ku70 mutant (Ku702/2) progeny at the ex- to that of Ku802/2 mice (Nussenzweig et al., 1996).
pected Mendelian frequency.
Reduced Ku80 Protein Levels
in Ku70-Deficient MiceKu70 Deficiency Leads to Growth Retardation
Ku702/2 mice were significantly smaller than control lit- To assess Ku70 and Ku80 expression, we performed
Western blotting analyses on extracts from brain, liver,termates (Figure 1A), but were viable and fertile and
appeared healthy in our pathogen-free facility. Ku702/2 lung, and kidney; Ku80 was detectable only in kidney
of Ku702/2 mice, but at a reduced level relative to thatfemales were unable to nurse their newborns, and pups
required a foster mother for survival. To test whether of controls (Figure 1C). This result is consistent with the
Growth Retardation and Leaky SCID in Ku702/2 Mice
655
Figure 2. Ku702/2 Cells Become Senescent Earlier than Control Cells and Have Intact Cell Cycle Checkpoints
(A) Growth kinetics of primary MEFs. Passage-4 MEF cells (1 3 105) were cultured and counted at various time points as indicated. Filled
squares, Ku701/1; half-filled squares, Ku701/2; open squares, Ku702/2.
(B) Ku702/2 cells accumulate nondividing cells. Asynchronous passage-3 MEF cells were analyzed. The percentages of cells labeled with
BrdU in G0/G1 or in G2/M were determined by flow cytometry. Percentage of labeled cells among total live cells is indicated by each box.
(C) Kinetics of Ku702/2 MEF division. Passage-3 synchronized MEF cells were released into complete medium and continuously labeled with
BrdU for 24 hr. Symbols as in (A).
(D) DNA damage cell cycle checkpoints and arrest after irradiation. Passage-3 synchronized MEF cells were either irradiated (5 Gy) or
nonirradiated and then released into complete medium containing 65 mM BrdU for continuous labeling studies.
finding that the Ku80 protein can be detected, but at cycle, we measured the percentage of replicating cells
in asynchronous MEF cell populations by labeling withreduced levels, in Ku702/2 ES cells (Gu et al., 1997).
Ku70 protein levels also are reduced in Ku802/2 mice bromodeoxyuridine (BrdU). Compared to control MEFs,
almost 40% fewer Ku702/2 MEFs were in S phase, indi-(Nussenzweig et al., 1996), consistent with a reciprocal
relationship. cating that at any given time Ku702/2 MEFs contained
fewer replicating cells (Figure 2B). Totrack synchronized
cells through the cell cycle, MEFs were serum starvedEarly Senescence of Ku70-Deficient Cells
To elucidate the role of Ku70 in cell proliferation, we for 48±65 hr to keep the cells in a quiescent stage and
then released into complete, BrdU-containing medium.studied growth properties of murine embryonic fibro-
blasts (MEFs) derived from day 13±14 Ku702/2 embryos. Both Ku702/2 and control MEFs reentered S phase at
or after 10 hr, but Ku702/2 MEFs had markedly fewerTo compare proliferative potential, MEFs from different
passages were plated at low density to allow a longer cells in S phase between 10 and 24 hr (Figure 2C). By
48 hr, more than 84% of control MEFs had replicatedlinear growth range, and viable cells were counted at
different time points. The growth rate of Ku702/2 MEFs at least once, whereas only 35% of Ku702/2 MEFs had
labeled and 47% of the remaining cells were still in G0/was lower than that of control MEFs, especially at later
passages. The growth curve of MEFs at passage 4 dem- G1 (Figure 2D, top). Thus, Ku702/2 MEFs accumulated
more nondividing cells than control MEFs, most likelyonstrated that Ku702/2 MEFs had fewer cells in active
growth compared to control MEFs and that Ku702/2 as a result of a premature termination of cell division.
MEFs stopped growing earlier than control MEFs (Figure
2A). Similar growth characteristics have been observed Intact DNA Damage Checkpoints
in Ku70-Deficient Cellsin Ku802/2 MEFs (Nussenzweig et al., 1996), suggesting
that the Ku heterodimer is required for optimal calcula- Ku70 function has been linked to DSBR, since Ku702/2
ES cells have increased sensitivity to ionizing radiationble proliferation.
To analyze the effect of Ku70 deficiency on the cell and lack DNA end-binding activity (Gu et al., 1997). We
Immunity
656
tested the cell cycle response to DNA damage in Ku702/2
MEFs. In MEF populations synchronized by serum star-
vation, g-irradiation at G1 and G2/M resulted in perma-
nent arrest of Ku702/2 cells in either G0/G1 or G2/M,
whereas the majority of control MEFs recovered from
DNA damage by resuming the cell cycle (Figure 2D,
bottom). These results suggest that G1/S and G2/M DNA
damage checkpoints are intact in Ku70-deficient cells,
but that Ku70 is essential for activating DSBR. Similarly,
in asynchronous Ku702/2 populations, cells irradiated
in S phase completed S phase and arrested at G2/M,
while the intact G1/S checkpointpermanently prevented
Ku702/2 MEFs from reentering S phase (data not shown).
We also found that Ku702/2 ES cells accumulate at G2/M
after exposure to g-irradiation prior to apoptosis (Y. G.
and F. W. A., unpublished data). However, further stud-
ies are necessary to determine whether Ku702/2 MEFs
also undergo apoptosis after exposure to ionizing radia-
tion. Altogether, these results show that cell cycle
checkpoints in response to DNA damage are preserved
in the absence of Ku70 and that these responses are
independent of the Ku70-mediated DSBR pathway.
ªLeakyº T Cell Development
Development of the major a/b lineage of T cells in the
thymus occurs in a well-characterized developmental
pathway (reviewed by Willerford et al.,1996). TCRb chain
variable regions are assembled in CD42CD82 (double-
negative) thymocytes; expression of TCRb chains pro-
motes differentiation and expansion of CD41CD81 (dou-
ble-positive [DP]) thymocytes, in which TCRa genes are
assembled. TCRa expression allows formation of com-
plete a/b TCRs and the differentiation of CD41 or CD81
(single-positive [SP]) thymocytes, which upon appro-
priate selection can migrate to peripheral lymphoid or-
gans. To examine the role of Ku70 in T cell development,
we used flow cytometry to assay for thymocytes and
peripheral T cells in Ku702/2 and control mice.
Ku70 deficiency markedly impaired T cell develop-
ment, according to the total thymocyte and peripheral
T cell numbers (Figures 3C and 3D). Surprisingly, how-
ever, T cell development was not completely blocked.
DP thymocytes were present in thymi of all examined
Ku702/2 mice at different ages (Figure 3A). However,
the percentage of DP thymocytes in Ku702/2 thymi was
highest in neonatal mice and decreased with age (Fig-
ures 3A and 3C and data not shown). Moreover, both
CD41 and CD81 SP thymocytes usually were detectable
in thymi of young adult Ku702/2 mice (e.g., 8 week-old
mice; Figures 3A and 3B). Significantly, the total number
of viable thymocytes in Ku-702/2 mice was very low,
generally only a few hundred thousand cells as com-
Figure 3. ªLeakyº Phenotype in T Lineage Cells in Ku702/2 Mice pared to an average of more than a hundred million
(A) Flow cytometry analysis of T cell development in the thymus of (mostly DP) thymocytes in control mice (Figures 3A, top
10-day old and an 8-week-old Ku702/2 mice and their littermate and 3C). Indeed, Ku702/2 thymi were composed largely
controls. (Top) DN, DP, and SP thymocytes and the percentages of
these subpopulations gated from total thymocytes using the lym-
phocyte gate shown (bottom).
(B) Mature T cell subpopulations in lymph nodes of the correspond-
symbols, Ku702/2 mice. Age groups: squares, newborn to 10 days;ing Ku702/2 and control mice were stained with CD4, CD8, and
TCRb. The percentages of SP T cells (top) and TCRb1 T cells (bot- triangles, 10 days to 8 weeks; and circles, 8±13 weeks.
(D) The numbers of total splenocytes and mature T cell subpopula-tom) among total live lymphocytes are shown.
(C) The numbers of total viable thymocytes and cells among the tions. Each symbol represents the same ages of mice analyzed in
(C) for thymocytes.DN, DP, and SP subpopulations. Filled symbols, control mice; open
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of dead or dying cells, according to flow cytometry anal-
yses (Figure 3A, bottom). The great difference in the
number of total viable thymocytes in Ku702/2 mice com-
pared to control mice applied to both DP and SP sub-
populations (Figure 3C).
SP T cells were detectable in the periphery of older
Ku702/2 mice, with the time of appearance varying
among individual mice (Figure 3B and data not shown).
While the total number of Ku702/2 splenocytes was
about one third that of control mice, the number of CD41
or CD81 SP T cells was 100-fold lower than that of
control mice (Figure 3D). In Ku702/2 mice, peripheral T
cells expressed high levels of TCRb chain on their sur-
face (Figure 3B, bottom) and expressed V genes from
frequently involved Vb families such as Vb8 and Vb14
at frequencies of about 15%±20% of total TCRb1 T cells
(comparable to that in control mice) (Figure 4A), demon-
strating that these cells did not represent monoclonal
expansions. However, levels of Vb8 and Vb14 T cells
varied among individual 8- to 13-week-old Ku702/2
mice, suggesting that peripheral T cells in some mice
may have derived from a relatively limited number of
precursors (data not shown). We also detected Va2 ex-
pression on peripheral T cells from some Ku702/2 mice
(data not shown), indicating that Ku70-deficient ab-
expressing T cells developed by successfully rearrang-
ing both TCRb and TCRa genes.
Increased Incidence of Thymic Tumors
in Ku70-Deficient Mice
Ku70-deficient mice developed thymic tumors at a sig-
nificant frequency. To date, we have observed six cases
of thymic tumors among approximately 40 Ku702/2 mice
ranging in age from 2 to 7 months. Two of these tumors
were characterized in detail and found to have a
CD41CD81 TCRb2 phenotype (Figure 4B and data not
shown).
Early Arrest of B Cell Development
in Ku70-Deficient Mice
Development of B cells proceeds in an orderly fashion,
with the assembly and expression of immunoglobulin
heavy chain (IgHC) genes occurring in pro-B cells (B2201 Figure 4. Heterogeneity of Ku702/2 T Lymphocytes and Develop-
ment of Thymic Tumors in Ku702/2 MiceCD431IgM2) and that of immunoglobulin light chain
(IgLC) genes occurring in pre-B cells (B2201CD432 IgM2). (A) Detection of Vb8 and Vb14 in an individual 3-month-old Ku702/2
mouse.Successful assembly and expression of IgHC and IgLC
(B) Ku702/2 mice develop thymic tumors. Cells of a thymic tumorgenes leads to the differentiation of immature B cells
in a 3-month-old Ku702/2 mouse and thymocytes from its littermate(B2201CD432IgM1), which then can migrate to periph-
(Ku70 1/2) were stained with CD4 and TCRb.
eral lymphoid organs (reviewed by Willerford et al.,
1996). B cell development was arrested in Ku702/2 mice
at the B2201CD431 pro-B stage, since both pre-B and To test further the nature of the block in B cell develop-
ment, we bred a productively rearranged m transgeneimmature stages of B cells (defined by B2201CD432
IgM2 and B2201CD432IgM1, respectively) were absent into the Ku702/2 background. The m transgene±comple-
mented Ku702/2 mice generated small but detectablefrom the bone marrow (Figure 5A). Furthermore, we ex-
amined spleens of Ku702/2 mice from 3±18 weeks of populations of peripheral k-expressing IgM1 B cells
(data not shown), which had functional VkJk rearrange-age and detected no mature, B2201IgM1 B lineage cells
(Figure 5B). Similarly, no B lineage cells were detectable ments (Figure 6C; see below). This finding indicates that
pre-B cells generated by transgenic HC expression hadin the peritoneal cavity of Ku702/2 mice (data not shown).
This apparent B cell developmental block was confirmed enough ªleakyº light chain rearrangement to produce
some mature B cells (data not shown). Thus, the defectby the lack of detectable serum IgM in assayed Ku702/2
mice (Figure 5C). Thus, Ku70 is required for B cell devel- in B cell development in Ku70 deficient mice is not ab-
solute.opment in younger mice.
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joins were recovered (Gu et al., 1997). However, all 30
RS joins recovered from the Ku702/2 MEF assay were
imprecise (Table 1). To elucidate these imprecise RS
joins, we determined their nucleotide sequences; all
contained deletions from one or both ends, of which
some were large (Figure 6A). Furthermore, most recov-
ered Ku702/2 RS joins could be classified as homology
mediated, based on the occurrence of one or more re-
dundant nucleotides at the junctions (Figure 6A). We
conclude that formation of both RS and coding joins is
severely impaired in Ku702/2 MEFs.
Ku70-Deficient Mice Have Abnormal TCR
V(D)J Recombination In Vivo
We used semiquantitative polymerase chain reaction
(PCR) to amplify TCR coding and/or RS joins from
Ku702/2 and control thymocyte DNA. It is important to
note that such assays provide information only about
the steady-state levels, as opposed to efficiency of for-
mation, of the various types of joins and thus are influ-
enced by selection for chromosomal integrity, choice of
PCR primers, and cellular selection mechanisms (see
Discussion).
The thymus from Ku702/2 mice usually contained
more than 50% DP T lineage cells. In normal mice, DP
cellsare committed to the a/b pathway butcontain TCRd
rearrangements, which are in many cases deleted from
the chromosome as circles after TCRa rearrangement
(Livak and Schatz, 1996). For detection of the TCRd
coding joins by PCR we used a 59 primer proximal to
the Dd2 segment and a 39 primer from within the Jd1
segment that would detect normal joins or joins con-
taining relatively small deletions (Figure 7A; Roth et al.,
1993). By this assay, we could detect normal-sized cod-
ing joins in DNA from Ku702/2 thymocytes, although
Figure 5. Impaired B Cell Development in Ku702/2 Mice
many apparently deleted joins also were detected (Fig-
(A) Bone marrow cells were analyzed for the presence of pro-B
ure 7B). RS joins at the d locus normally result in thecells (B2201CD431), pre-B and immature B cells (B2201CD432), and
formation of a stable circular DNA with precise RS joinsmature B cells (B2201IgM1).
(Figure 7A). We assayed for TCRd RS joins with primers(B) Absence of B cells in the periphery (spleen), determined by the
lack of B2201 cells in the spleen of Ku702/2 mice. derived from the intervening sequence between the 39
(C) Assay of serum IgM levels by enzyme-linked immunosorbent Dd2 RSS and the 59 Jd1 RSS. The level of RS joins
assay using described methods (Young et al., 1994). Four 8-week- in neonatal Ku702/2 thymocyte DNA was substantially
old Ku701/1 mice (filled circles) were used as controls. Eight 3- to
reduced compared to that of control DNA (Figure 7C).7-week-old and eight 8- to 14-week-old Ku702/2 mice (open circles)
Furthermore, the majority of amplified RS joins fromwere tested as shown.
Ku702/2 DNA were resistant to ApaLI digestion (Figure
7D), confirming that they were imprecise.
TCRb rearrangements were detected by PCR primersKu702/2 Cells Display Inefficient V(D)J
Recombination In Vitro for either Db1 or Vb8 in combination with a Jb primer
39 of Jb1.2. Both TCRb D-J and V-DJ rearrangementsThe impairment in B and T cell development in Ku70-
deficient mice is consistent with an effect of Ku70 were detectable in thymic DNA of Ku702/2 mice but were
variably reduced in level compared to those of controldeficiency on V(D)J recombination (Gu et al., 1997). To
assess this possibility further, we assayed MEFs from DNA (Figure 7G),possibly reflecting the inclusion of DNA
from dead thymocytes that had not completed TCRbKu-deficient mice via a transient transfection assay that
measures recombination using extrachromosomal sub- rearrangements (Figure 3A, bottom). On the other hand,
DNA from SCID thymocytes displayed an even greaterstrates and thus isnot subject to biases of in vivo cellular
selection effects. In RAG-1± and RAG-2±transfected reduction in the level of TCRb DJ rearrangements than
did DNA from Ku702/2 thymi, consistent with the pres-Ku702/2 MEFs, recovery of plasmids harboring RS joins
was reduced by 10- to 20-fold, while that of plasmids ence of fewer TCRb1 cells in SCID thymus. Of note, two
individual samples (206 and 150) displayed a dominantharboring coding joins was reduced by more than 200-
fold (Table 1). The level of RS joins recovered was higher rearrangement of Db1 to Jb1.1, suggesting a potential
clonal expansion (Figure 7G). Indeed, thymus 150 con-than that which we observed when assaying Ku702/2
ES cells by this method, in which case almost no RS tained a CD41CD81 TCRb2 thymic tumor.
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Figure 6. Nucleotide Sequences of Coding Joins and RS Joins
(A) Eighteen sequences of RS joins isolated from pJH200 recombinants in the V(D)J recombination. Deletions are evident by by comparision
to full-length template (top). Redundant juctional nucleotides shown at right could be due to homology-mediated joining (HMJ).
(B) Eighteen Db1-Jb1.1 coding joins from Ku702/2 thymocyte diagrammed with respect to full-length D and J sequences (top). Middle, N
regions and P elements (none observed); right, center and redundant junctional nucleotides (underlined) indicating the HMJ.
(C) Sequences of four VkJk coding joins isolated from the spleen of a productive m heavy chain complemented Ku702/2 mouse. Germline Vk
sequences were unknown, and three of the four joins were in frame.
To investigate the nature of the detected TCRb re- to normal limits for DJ junctions (Figure 6B, clones 1±6).
Of the remainder, 8 had larger deletions (Figure 6B,arrangement products, we determined the nucleotide
sequence of TCR Db1-Jb1.1 coding joins from Ku702/2 clones 7±14) that would obviate further V to DJ re-
arrangement, and 4 appeared to be ªopen and shutºthymocytes. Since the majority of Ku702/2 thymocytes
are DP, they likely have productive V(D)J joins and at- joins where large deletions occurred at the 39 RSS of
the Db1 segment (Figure 6B, clones 15±18). We foundtempted DJ or V(D)J joins on their nonproductive b al-
leles. The latter rearrangements detected should be se- potential N fragments in 4 of the 18 clones (clones 2, 9,
11, and 18) and short junctional homologies in 12 of 18lected only for maintaining chromosomal integrity and
for being of a size represented within the bounds of our joins on the basis of ªredundantº nucleotides at the
junction (Figure 6B).PCR primers. Of 18 joins obtained, 6 fell within or close
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Table 1. Analysis of Signal and Coding Joining in Ku701/1, Ku701/2, and Ku702/2 MEFs by Transient V(D)J Recombination Assay
pJH200 (Signal Joining) pJH290 (Coding Joining)
Cell Lines (Ampr 1 Camr)/Ampr % Relative Level Fidelity (Ampr 1 Camr)/Ampr % Relative Level
Experiment 1
Ku701/1 150/24,740 0.61 1.0 100% (12/12) 266/25,000 1.1 1.0
Ku701/2 62/13,560 0.46 0.75 100% (12/12) 121/11,640 1.0 0.9
Ku702/2 15/21,700 0.07 0.11 0% (0/15) 0/26,120 ,0.004 ,0.004
Experiment 2
Ku701/1 503/67,300 0.75 1.0 100% (12/12) 1,072/78,640 1.36 1.0
Ku701/2 367/103,520 0.35 0.47 92% (11/12) 820/88,120 0.93 0.68
Ku702/2 15/33,880 0.04 0.05 0% (0/15) 2/63,880 0.003 0.002
(Ampr 1 Camr), number of recombinant colonies resistant to both ampicillin and chloramphenicol; Ampr, number of ampicillin-resistant colonies.
Ku70-Deficient Mice Can Generate Ig Discussion
Variable Region Genes In Vivo
We used similar PCR-based methods to demonstrate Comparison of the Phenotype of Ku702/2,
Ku802/2, and SCID Micethat both D-J and V-DJ rearrangements were detectable
in Ku702/2 bone marrow DNA but at greatly reduced We show that Ku702/2 animals are viable and fertile;
however, they are small and have a severe combinedlevels (more than 100-fold) compared to control DNA
(data not shown). This finding is consistent with the very immune deficiency associated with severely impaired
V(D)J recombination. In general, the phenotype of Ku702/2low level of B lineage cells in Ku702/2 bone marrow
(Figure 5A) but does indicate that developing Ku702/2 B mice is similar to that recently documented for Ku802/2
mice (Nussenzweig et al., 1996; Zhu et al., 1996). How-cells were capable, at least at low frequency, of making
relatively normal-sized V(D)J rearrangements. In this re- ever, a potentially significant difference is the distinctly
leaky T cell development observed in Ku702/2 animalsgard, we also detected VkJk rearrangements in spleens
of transgenic HC-complemented Ku702/2 mice; several compared to Ku802/2 animals, in which no leakiness
was reported in two independently generated strains.such VkJk joins appeared normal in junctional sequence
(Figure 6C). Thus, as for TCR genes, functional Ig gene Although differing genetic backgrounds mustbe consid-
ered as potentially contributing to any aspect of pheno-rearrangements can be generated in Ku702/2 mice at
low frequency. type, at least one Ku802/2 strain (Zhu et al., 1996) was
in a mixed 129/Sv 3 C57BL/B6J background like that
of our Ku702/2 strain. However, an independently de-Full-Length RS Ends in Ku702/2 Thymocytes
During the rearrangement process, two intermediate rived line of Ku702/2 mice reported after submission of
this manuscript had a leaky T cell phenotype essentiallyproducts consisting of blunt-ended double-stranded RS
ends and covalently sealed hairpin coding ends are lib- identical to that which we describe (Ouyang et al., 1997).
Our findings also clearly show that Ku70 expression iserated by site-specific cleavage of double-stranded
DNA by the RAG-1 and RAG-2 proteins. To detect RS- required for the end-joining reaction associated with
V(D)J recombination in normal development and for re-end intermediates during TCR DdJd rearrangement, we
used ligation-mediated PCR (LMPCR; Roth et al., 1993; sistance of normal fibroblasts to ionizing radiation. To-
gether, these findings indicate functional Ku70, like Ku80Schlissel et al., 1993) (Figure 7A). A pair of oligonucleo-
tides was designed to form double-stranded DNA con- and DNA-PKcs, is required for specialized end-joining
reactions used in the major pathway of DSBR in mam-taining a consensus heptamer sequence where one end
is a staggered end and the other is a blunt end. In the malian cells.
SCID mice result from a naturally occurring mutationpresence of DNA ligase, these blunt-ended primers can
ligate with any blunt DNA ends, including RS ends. Se- in the DNA-PKcs gene that leads to expression of a
protein with a C-terminal truncation of 83 amino acidsquences representing ligation to either Dd2 or Jd1 RS
ends were amplified and detected. Full-length RS ends (Bluntet al., 1996; Danska et al.,1996). Similar to Ku702/2
mice, SCID mice generate some mature lymphocytesligated to the blunt-ended oligonucleotide form an ApaLI
restriction site. Analysis of the products of these reac- with age, apparently as a result of the ability to generate
occasional coding joins from RAG-liberated ends via antions showed that most RS ends were full length, since
they could be digested by ApaLI (see Figure 7E for Dd2 illegitimate recombination pathway (Bosma et al., 1983;
Lieber et al., 1988; Malynn et al., 1988; Blackwell etRS ends and Figure 7F for Jd1 RS ends). These results
imply that Ku70, like Ku80 (Zhu et al., 1996; Han et al., al., 1989; Ferrier et al., 1990; Hendrickson et al., 1990).
However, the phenotype of Ku70 deficiency appears1997), is not required to protect RS ends immediately
after cleavage when such protection may be afforded even more leaky than that of SCID, since DP thymic T
cells are more consistently present and appear earliervia a RAG-1/RAG-2±containing postcleavage synaptic
complex (Agrawal and Schatz, 1997; Hiom and Gellert, in Ku702/2 mice (Figure 3). The lack of mature B cells
in Ku702/2 mice may reflect different requirements for1997). On the other hand, Dd2 or Jd1 coding ends were
not readily detectable in Ku702/2 thymus DNA (data not Ku70 in the generation of certain types of coding joins;
however, it more likely reflects differences in the intrinsicshown), but additional experiments will be required to
assess the significance of this finding. ability of progenitor B versus T cells to expand and
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seed subsequent pools following an initial productive
rearrangement (Chen and Alt, 1994). Furthermore, it re-
mains to be determined whether B cells appear in much
older Ku702/2 mice as they do in SCID mice (Carroll et
al., 1989).
Ku702/2 mice, exhibit a significant predisposition to-
ward immature thymic T cell tumor development. Char-
acterized tumors in Ku702/2 mice appear to represent
DP T cells that lack ab TCR on their surface (Figure 4B)
and thus may arise from the small DP population in the
Ku702/2 thymus. Such cells presumably have made a
productive TCRb rearrangement, expanded in number,
and initiated TCRa gene rearrangement. Tumorigenesis
may be associated with the ongoing rearrangement pro-
cess in this population. Some lines of SCID mice also
develop spontaneous thymic lymphomas (Custer et al.,
1985). Potential lack of similar tumor development in
Ku802/2 mice (Nussenzweig et al., 1996) may result from
a more marked inability to form V(D)J junctions relative
to that of Ku702/2 mice and a resulting absence of a
viable progenitor population for tumor cell development.
Potential Independent Functions of Ku Subunits?
Disruption of either Ku80 or Ku70 drastically diminishes
DNA end-binding activity in either Ku80- or Ku70-defi-
cient cells (Getts and Stamato, 1994; Rathmell and Chu,
1994; Taccioli et al., 1994b; Gu et al., 1997), implying
that neither subunit fulfills this function alone. Upon DNA
end-binding, the Ku heterodimer functions to recruit
DNA-PKcs (Gottlieband Jackson, 1993) and, potentially,
other factors. Therefore, disruption of either Ku subunit
also would be expected to eliminate these activities.
However, loss of one Ku subunit results in significantly
decreased steady-state levels of the other (Figure 1C)
(Satoh et al., 1995; Errami et al., 1996; Gu et al., 1997;
Singleton et al., 1997), such that it is difficult to draw
any firm conclusions about individual subunit function
based on loss of a particular activity. Thus, the potential
differences among theKu70- and Ku80-deficient pheno-
types with respect to V(D)J recombination are of signifi-
cant interest, providing the first hint of specific Ku sub-
unit function. In yeast, Ku70 and Ku80 homologs also
Figure 7. Analysis of Rearrangements and Intermediates at the TCR
dimerize to generate an end-binding activity analogousLoci
to that of mammalian Ku and are involved in an end-
(A) The TCRd locus, with Dd2 and Jd1 segments, Dd2Jd1 coding
joining pathway for DSBR (Boulton and Jackson, 1996a,joins, circular RS joins, and RS ends shown. Boxes, coding seg-
1996b; Milne et al., 1996; Siede et al., 1996). Yet DNA-ments; filled and open triangles, RSS with 23 and 12 spacers, re-
spectively. Coding and RS joins were detected by PCR assays, and PKcs protein or activity has not been found in yeast,
RS ends were detected by LMPCR. Arrows, PCR primers; lines with suggesting that Ku may function in end joining in this
an asterisk, internal oligonucleotide probes. organism through a DNA-PKcs±independent mecha-
(B) Detection of Dd2 to Jd1 coding joins in thymocyte DNA. For each
nism. For this end-joining pathway, yeast do use a novelsample, 100 ng (H) and 10 ng (L) of DNA was used. The expected
DNA ligase that is homologous to mammalian DNA li-size of the rearrangement is 160 bp.
gase IV (Teo and Jackson, 1997; Wilson et al., 1997).(C) Detection of circular RS joins from serial diluted thymocyte DNA
of Ku701/2 and Ku702/2 mice. Since the latter has been linked to V(D)J recombination
(D) Analysis of the fidelity of RS joins by ApaLI restriction digestion. through interactions with XRCC4 (Critchlow et al., 1997;
D and U, digested and undigested PCR products, respectively; D Grawunder et al., 1997), this yeast end-joining pathway
with an arrowhead, the smaller fragment generated by the ApaLI
shares several components with that used in mamma-digestion.
lian V(D)J recombination.(E) LMPCR detection of RS ends at the 59 end of Dd2. Both D and
U products are shown.
(F) LMPCR detection of RS ends at 39 Jd1. Ku70 Is Required for Normal and Efficient(G) Detection of DJ and V(D)J rearrangements at the TCRb locus.
V(D)J RecombinationFor each sample, 500 ng of Ku701/2, Ku702/2 (201, 202, 206, and
Ku70 deficiency resulted in a dramatic decrease in the150), and SCID thymus DNA was serially diluted (1:2) and analyzed
for TCRb rearrangements. efficiency of the joining of RAG-liberated RS and coding
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ends, according to a transient V(D)J assay. Thus, this of transfected substrates in mammalian cells (Ruley and
impairment is similar to that previously observed in Fried, 1983; Roth and Wilson, 1986). RS joins, on the
Ku80- and XRCC4-deficient cells (Taccioli et al., 1993; other hand, are usually precise and, as such, show no
Li et al., 1995) but unique compared to that of murine use of short homologies. Therefore, it is notable that in
SCID or V-3 cells (DNA-PKcs mutant), which can form Ku70-deficient cells, the majority of recovered RS joins
RS joins with relatively normal efficiency (Lieber et al., not only were imprecise but also exhibited short homolo-
1988; Taccioli et al., 1994a). Assays of both Ku70-defi- gies at their junctions (Figure 6A). This implies that the
cient fibroblasts (Table 1) and ES cells (Gu et al., 1997) specialized joiningprocess for RS ends is lost in Ku702/2
showed these impairments. Recovery of joined coding cells and that the ends are resolved through a more
ends was decreased as much as 100-fold or more in general, but low-efficiency, background recombination
both cell types. On the other hand, recovery of joined mechanism. Similar findings regarding frequent end ho-
RS ends appeared more reduced in ES cells (greater mologies were observed with RS joins in XRCC4-defi-
than 100-fold) than in fibroblasts (10-fold). However, cient (Li et al., 1995) and in Ku80-deficient hamster cells
even in fibroblasts, all recovered RS joins were abnor- (Taccioli et al., 1993) but not for endogenous TCRd RS
mal, again indicating very severe impairment (Figure 6A). joins in Ku802/2 mouse thymocytes (Bogue et al., 1997).
The reason for the difference in recovered substrate Finally, it has been concluded that Ku80 has a role in
levels between ES cells and fibroblasts is not clear, but mediating TdT action, based on the absence of N re-
it may reflect relative activities of other recombination gions in a set of coding joins recovered from Ku802/2
pathways that rescue joins in the absence of the Ku- lymphocytes (Bogue et al., 1997). In contrast, we de-
mediated end-joining pathway. Such additional path- tected N regions in several Ku702/2 DbJb coding joins
ways are clearly present in mammalian cells and yeast (Figure 6B). While the vast majority of N regions at nor-
(Jin et al., 1997). mal junctions are added by TdT, this remains to be
The impairment in Band Tcell development inKu702/2 demonstrated for joins recovered from Ku702/2 cells.
mice occurred at the progenitor lymphocyte stage, However, we found no N regions in coding junctions
where recombination is normally initiated, consistent from Ku702/2 ES cells that do not express TdT (Gu et
with the hypothesis that thedefects are caused primarily al., 1997).
by impaired V(D)J recombination. This conclusion is
supported by several findings. First, many TCRb DJ joins
recovered from Ku thymocytes were highly deleted, Ku70 Is Not Critical for Radiation-Induced
showing that the in vivo V(D)J joining mechanism is Cell Cycle Checkpoint Control
similarly defective to that seen in cell lines. Second, we Replicative senescence has been used to describe the
could partially restore B cell developmentby introducing limited number of division cycles that cultured cells un-
completely assembled Ig HC and LC transgenes. There- dergo before eventually arresting at G0/G1 (Smith and
fore, both B and T cell development can occur upon Pereira-Smith, 1996). Senescent cells, although no longer
appropriate Ig or TCR gene expression, although devel- actively dividing, remain metabolically active. Ku702/2
opment still may be impaired, as in SCID mice, because MEFs accumulate nondividing cells significantly more
of incomplete shutdown of endogenous antigen recep- rapidly than control MEFs. However, this premature se-
tor gene rearrangement, which could lead to unrepaired nescence is not a consequence of loss of cell cycle
DSBs and cell death (Young et al., 1994; Chang et al., checkpoint function, since ionizing radiation-induced
1995). The large number of dead and dying cells in damage appeared to activate cell cycle checkpoints
Ku702/2 thymus likely results from failure to repair RAG appropriately (Figure 2). Thus, Ku70 does not appear to
initiated DSBs (Figure 3A). While coding joins recovered play a major sensor-related role for activation of cell
from Ku702/2 cells frequently had large deletions, some cycle checkpoint components. Similar conclusionshave
fell within the normal range (Figure 6B), which likely been reached regarding the function of Ku80 and DNA-
contributes to leaky lymphocyte development in Ku70- PKcs (Nussenzweig et al., 1996; Lee et al., 1997; Rath-
deficient mice. However, it must be emphasized that mell et al., 1997). Premature senescence of Ku702/2
the spectrum of deletion sizes recovered represents the MEFs may result from a more rapid and severe accumu-
minimum, since these joins were subject to various lev- lation of DNA lesions as a consequence of inefficient
els of selection, ranging from maintenance of the se- repair of DSBs that arise during normal cell division,
lectable marker in recovered plasmids to levels falling followed by their permanent arrest at DNA damage
within the limits of the PCR primers for endogenous
checkpoints. Such premature senescence has not been
joins. In this context, IgHC and IgLC V(D)J joints derived
reported for SCID cells, potentially reflecting a less se-
from SCID pre-B cell lines via l phage cloning frequently
vere end-joining defect, as indicated by normal RS
revealed deletions of several kilobases or more (Malynn
joining.et al., 1988; Blackwell et al., 1989) that would have been
missed in PCR-selected joins.
Coding-join formation frequently makes use of short Experimental Procedures
homologies in the two ends to promote the joining pro-
Generation of Ku70-Deficient Micecess. This is most readily examined in terminal deoxy-
A Ku70 targeting construct (Gu et al., 1997) was used to target thenucleotidyl transferase (TdT)±deficient lymphocytes, in
Ku70 gene in TC1 ES cells (a generous gift from P. Leder, Harvard
which homologies of one or more base pairs are evident Medical School). Two independent ES clones carrying the desired
in the majority of joins (Gilfillan et al., 1993; Komori et mutation were identified by Southern blot analysis as described
al., 1993). Similar use of homologies isobserved in illegit- (Gu et al., 1997) and were injected into C57BL/B6J blastocysts by
standard methods (Hogan et al., 1994). Both clones gave a highimate recombination events and in end-joining reactions
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percentage of chimeras, and each transmitted the mutation effi- 59-GATATTGTGATGACCCAGTCT-39 (Seidl et al., 1997) and nested
primer Vkd 59-GGCTGCAGTTTCAGTGGCAGTGGRTCWGGRAC-39,ciently into the mouse germline, resulting in a mixed background
(129/Sv 3 C57BL/B6J). Heterozygotes carrying the Ku70 mutation and the Jk2 59-CCAAGCTTTCCAGCTTGGTCCC-39 primer. Amplifi-
cation conditions for the first amplification were as follows 948C, 30were interbred, and offspring were genotyped by PCR analysis of
tail DNA using the primers as follows: Ku70-5 (wild-type allele): s; 558C, 40 s; and 728C, 40 s, for 35 cycles. Conditions for the nested
PCR were 948C, 50 s; 558C, 50 s; and 728C, 40 s, for 30 cycles.ACACGGCTTCCTTAATGTGA; LoxR1H3 (mutated allele): ACGTAAA
CTCCTCTTCAGACCT; and Ku70-3 (39 common primer): GGCTGG For detection of Db1-Jb1.1 and Db1-Jb1.2 TCR rearrangements,
the Db100 primer (59-CCTTCCTTATCTTCAACTC-39) andthe 39Jb1.2CTTTAGCACTGTCA. All mice were housed with littermates of the
same sex in a pathogen-free facility. Ig HC transgenic, Ku-deficient (59-CATCCTTCCTCTGATTAC-39) primers were used. Amplification
conditions were as follows: 948C, 1.5 min; 628C, 2.5 min; and 728C,mice were generated by breeding the B18 knock-in strain (Sonoda
et al., 1996; provided by K. Rajewsky) with the Ku701/2 strain. 1 min, for 25 cycles. For the detection of Vb8-Db1Jb1.1 and Vb8-
Db1Jb1.2 rearrangements, Vb8 59 (59-ATGTACTGGTATCGGCAG
GAC-39) and 39 Jb1.2 oligonucleotides were used.Amplification con-Western Blot Analysis
ditions were as follows: 948C, 1.5 min; 548C, 2.5 min; and 72 8C, 1Western blot analysis of Ku70 and Ku80 was performed as described
min, for 35 cycles. Amplification of the murine glyceraldehyde-3-(Gu et al., 1997), except that the amount of protein from each tissue
phosphate dehydrogenase (GAPDH) gene provided a control forwas adjusted to be approximately equal among the samples by
amounts of DNA. The primers used were GAPDH 39 (59-AGGTCCACstaining the sodium dodecyl sulfate±polyacrylamide electrophoretic
CACCCTGTTGC-39) and GAPDH 59 (59-AGAAGACTGTGGATGGCgel with Ponceau S (Sigma) before transfer to a Immobilon-P mem-
CCC-39). Amplification conditions were as follows: 948C, 40 s; 608C,brane (Millipore).
1 min; and 728C, 1.5 min, for 12 cycles. The number of cycles used
for all of the TCRb and GAPDH PCR assays was the number ofMEFs and Cell Cycle Analysis
cycles determined to be the linear range for each assay. AmplifiedHeterozygous mice were mated for the purpose of isolating MEFs
products were separated on a 1.5% Tris-borate buffered agaroseaccording to a previously described method (Hogan et al., 1994).
gel, alkaline transferred onto Zeta-probe membrane (Bio-Rad Labo-In brief, embryos were isolated at embryonic day 13.5, and MEFs
ratories), and hybridized with the Jb2 probe (59-AAAGCCTGGTCCCderived from individual embryos were cultured in DMEM medium
TGAGCCGA-39) for Db-Jb and Vb-DbJb rearrangements or a GAPDHcontaining 15% fetal calf serum, 100 mM L-glutamine, 13 penicillin-
probe (Rat GAPDH cDNA 1.2 kb PstI fragment) for the DNA controlstreptomycin on a gelatinized plate until they reached confluence
samples. The amplified products for Db1-Jb1.2 joining from Ku702/2(passage 1). Subsequent passages were defined at each one-to-
thymocytes as well as for VkJk joins from B18/Ku702/2 splenocytesfive split (approximately 0.5 3 106 per 10 cm plate) after the MEFs
were cloned by a TA cloning system (pT7-Blue, Novagen) andsubse-reached confluence. For the growth study of MEFs from each pas-
quently sequenced.sage (Figure 2A), equal numbers of cells (1 3 105) were plated onto
The PCR assay detecting the intermediates of Dd2-Jd1 re-a 6-cm gelatinized plate. The medium was changed daily and MEFs
arrangement was described previously (Roth et al., 1993; Zhu et al.,were counted at different time points in triplicate using a hemocy-
1996). Dd2Jd1 coding rearrangements were amplified with DR6 andtometer.
DR53 and probed with DR2. Dd2Jd1 signal rearrangements wereFor cell cycle analysis studies, asynchronous passage-3 MEF
amplified from 100 ng of DNA template with DR21 and DR161 andcells were pulse-labeled in 10 mM BrdU (Sigma) for 30 min, at which
probed with DR162. The procedures used for detection of Jd1 signalpoint they were washed. For synchronization by serum starvation,
ends and for ApaLI digestion were the same as those for analysispassage-3 MEF cells were grown to approximately 80% confluence
of Dd2 signal ends in this study, as has been described previouslyand then switched into DMEM/0.1% fetal calf serum for 48±65 hr
(Roth et al., 1993; Zhu and Roth, 1995).before irradiation treatment, if applicable, and released into com-
plete medium containing 65 mM BrdU for continuous labeling. MEFs
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